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COMPOSITIONS, METHODS AND DEVICES 
FOR MAINTAINING AN ORGAN 

CROSS-REFERENCE TO RELATED U.S. 
APPLICATION 

The present application is a continuation-in-part of US. 
Ser. No. 08/936,062, ?led Sep. 23, 1997, currently pending. 

BACKGROUND OF THE INVENTION 

1. Technical Field 

The present invention relates to compositions, methods, 
systems/devices and media for maintaining a harvested 
(extracorporal) human or human-compatible organ in a 
functioning and viable state prior to transplantation or 
reimplantation. The organ may also be assessed in such state 
or resuscitated after death. 

The present invention also relates to an organ perfusion 
apparatus, and more particularly, to a perfusion apparatus 
and method and chemical compositions for extending the 
preservation period of an organ Which has been harvested. 

2. Discussion 

While having many embodiments, the present invention is 
directed to systems, devices (apparatuses), methods and 
media for preserving organs in near ideal conditions and 
physiological states. This alloWs the organs to be stored for 
longer periods of time, reduces degradation of high energy 
phosphates during storage, reduces ischemia and reperfusion 
injury, and overall improves outcome. The increase in stor 
age periods in a normal or near normal functioning state also 
provides certain advantages, for example, organs can be 
transported greater distances and there is an increased time 
for testing and evaluation of the organs. 

It is estimated that one of every four patients listed for 
cardiac transplantation dies aWaiting the availability of a 
suitable donated organ. While some progress has been made 
in making more donor organs available, the development of 
successful techniques for donor heart preservation has not 
kept pace With the demand for cardiac transplantation. With 
improvements in patient survival and the development of 
neW immunosuppressive agents, heart transplantation has 
become more feasible, making the problem of organ supply 
even more critical. Despite the acceptable clinical results 
obtained With the current donor organ and donor heart 
preservation techniques, one of the major challenges that 
remains is the current inability to safely preserve the donor 
heart for more than four hours. Extending the preservation 
period beyond four hours using current preservation tech 
niques signi?cantly increases the risk of organ failure during 
or after transplantation; this failure correlates With the period 
and technique of storage. This four hour limitation also 
restricts the geographic area from Which donor hearts can be 
transported for successful transplantation. Moreover, current 
methods of storing or preserving the heart or other organs 
make it impossible to fully or meaningfully test or evaluate 
the stored organ due to the storage of the organ in a 
non-functioning and/or hypothermic state. 

Generally, current donor organ preservation protocols do 
not attempt to recreate an in vivo-like physiologic state for 
harvested organs. Instead, they utiliZe hypothermic (beloW 
20° C. and typically at about 4° C.) arrest and storage in a 
chemical perfusate for maintaining the heart (non-beating) 
or other organ (non-functioning) for up to four hours. These 
protocols utiliZe a variety of crystalloid-based cardioplegic 
solutions that do not completely protect the donor heart from 
myocardial damage resulting from ischemia and reperfusion 
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2 
injuries. The most common cardioplegic preservation solu 
tions used are The University of Wisconsin Solution (UW), 
St. Thomas Solution, and the Stanford University Solution 
(SU). In addition to myocardial damage, ischemia, reperfu 
sion and/or increased potassium concentrations may also 
cause coronary vascular endothelial and smooth muscle 
injury leading to coronary vasomotor dysfunction, Which is 
believed to be the leading cause of late organ failure. 
(Ischemia is generally de?ned as an insuf?cient blood sup 
ply to the heart muscle.) Techniques have also been devel 
oped for perfusing the heart With the storage solution in the 
hypothermic state. Other organs (liver, kidney, lungs, etc.) 
are maintained in a similar, non-functioning, hypothermic 
state. The heart or other organs so preserved are then 
transported in this hypothermic state for only up to four 
hours until implantation. 
As is Well knoWn in the art, for optimal donor heart or 

other organ preservation, the folloWing principles apply and 
are thought to assist in the minimiZation of ischemic and/or 
reperfusion injuries: a) minimiZation of cell sWelling and 
edema; b) prevention of intracellular acidosis; c) minimiZa 
tion of ischemia and/or reperfusion injury; and d) provision 
of substrate for regeneration of high-energy phosphate com 
pounds and ATP during reperfusion. The current method of 
hypothermic arrest and storage preservation has been shoWn 
to result in cell sWelling, intracellular acidosis, and a deg 
radation of high-energy phosphates. Moreover, studies in 
humans have clearly demonstrated signi?cant endothelial 
dysfunction folloWing donor heart preservation When utiliZ 
ing hypothermic arrest and storage protocols. In some 
instances, an organ Which has undergone hypothermic arrest 
is transplanted into the recipient and cannot be restarted or 
resuscitated after transplantation. In addition, many times 
inadequate preservation results in acute graft failure and the 
inability of the transplanted organ to resume normal function 
and sustain the recipient’s circulation. The problem of acute 
graft failure then requires constant support of the recipient’s 
circulatory system by ventricular assist devices and/or car 
diopulmonary bypass until a neW donor heart can be located. 
In some instances, a suitable organ cannot be located in time 
Which results in the death of the recipient. There is also 
increasing evidence from a number of recent clinical studies 
that the preservation of metabolic, contractile and vasomotor 
function is not optimiZed With current preservation proto 
cols. See, e.g., Pearl et al., “Loss of Endothelium-Dependent 
Vasodilatation and Nitric Oxide Release After Myocardial 
Protection With University of Wisconsin Solution”, Journal 
of T horacis and Cardiovascular Surgery, Vol. 107, No. 1, 
January 1994. 

Because the art has not been able to store harvested organs 
at near optimal endogenous conditions, and has not recog 
niZed such storage as feasible or desirable, it has attempted 
to use the above combination of hypothermic conditions 
and/or crystalloid-based cardioplegic solutions for protec 
tion against organ condition deterioration. 

Another approach attempted in the art has been to simu 
late near-normal physiologic conditions by harvesting 
almost all the donor’s organs. For example, Chien et al., 
“Canine Lung Transplantation After More Than TWenty 
four Hours of Normothermic Preservation, The Journal of 
Heart and Lung Transplantation, Vol. 16, No. 3, March 
1997, developed an autoperfusion set-up in Which a swim 
heart Was preserved in a beating, Working state for up to 24 
hours by being continuously perfused With non-compatible 
blood. While this system demonstrated the feasibility of 
safely extending the preservation time of the donor heart, 
this method is far too cumbersome and impractical for 
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Widespread use as it requires the removal and preservation 
of the lungs, liver, pancreas, and kidneys (en bloc) in 
combination With the heart, all in functioning condition, and 
all still interacting and interdependent. 

It is certainly recogniZed in the art as desirable to achieve 
prolonged ex vivo or extracorporal preservation of the donor 
heart or other organ that has been harvested from a donor by 
providing continuous sanguineous perfusion, While main 
taining the donor heart or other organ in the normal (beating 
or functioning) state. Such a technique Would eliminate the 
need to arrest the heart for storage in a hypothermic 
environment, reduce reperfusion injuries, and overcome 
many of the problems associated With hypothermic arrest 
and storage, many of Which are clearly time dependent. 

It is further also recogniZed in the art as desirable to 
provide an apparatus, method and physiologic media for 
creating an extracorporal circuit for sanguineously perfusing 
the harvested organ at normothermic temperatures (about 
20° C. to about 37° C.; preferably about 25° C. to about 37° 
C.) for prolonged preservation of the harvested organ for up 
to tWenty-four hours or longer. Such an apparatus, method 
and media Would optimally maintain the heart or other 
harvested organ in the beating or functioning state during the 
preservation period to insure pulsatile coronary ?oW and 
homogeneous distribution of the substrate. Such an 
apparatus, system, method and media Would also provide the 
ability to extend the preservation period of the harvested 
organ beyond the current four hour limit, While avoiding 
time dependent ischemic injury, prolonged ischemia, pre 
serving coronary endothelial vasomotor function, and pre 
venting the metabolic degradation of high-energy phos 
phates. 

Additionally, such an apparatus, method and media Would 
alloW for expanding the organ donor pool, increasing the 
histocompatibility matching time, and potentially reducing 
the incidents of cardiac allograft vasculopathy. It Will be 
appreciated that prolonging the preservation period of the 
donor heart Would have a dramatic impact on the practice of 
heart transplantation; a WorldWide retrieval of organs Would 
be made possible, thus increasing the pool of available 
organs and organs Would not go unused because of lack of 
suitable nearby recipients. Moreover, additional time in 
combination With storage in the functional state Would alloW 
evaluation and testing of the organ to determine, e.g., the 
immunologic and functional characteristics of each organ, 
thereby alloWing a more complete assessment of the organ, 
reducing the risk of graft failure. 

In summary, the prior art has failed to appreciate the 
feasibility and/or desirability of employing a near ideal 
physiologic state ex vivo for harvested organs. This state is 
provided for by the compositions, methods and systems/ 
devices of the present invention. A ?uid or ?uid media is 
provided comprising (1) donor-compatible Whole blood (or 
leukocyte-depleted Whole blood) and (2) a storage solution 
Which includes a carbohydrate source, insulin and other 
hormones including epinephrin, electrolytes and a buffer 
such as a source of bicarbonate ions. This ?uid or ?uid 
media is delivered to at least one major vessel and optimally 
to the “exterior” portions of the organ substantially sur 
rounding or bathing the organ. The compositions, methods, 
systems/devices and media of the present invention can thus 
be employed to provide ideal storage conditions at normo 
thermic or substantially normothermic temperatures, alloW 
ing the organ to remain functioning. 

SUMMARY OF THE INVENTION 

The present invention provides a system for preserving at 
least one human or human-compatible harvested organ in 
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need of preservation or resuscitation during a preservation or 
evaluation period prior to implantation, including transplan 
tation or reimplantation. The system of the invention also 
alloWs the organ to be transported to alternate geographic 
locations during the preservation period. This system 
includes: 

(a) containment means for containing said organ in com 
munication With a physiologic media or ?uid compris 
ing Whole blood (or leukocyte-depleted Whole 
blood) compatible With said organ and (ii) a preserva 
tion solution; 

(b) delivery means for delivering said ?uid to at least one 
major vessel of said organ; 

(c) means for carrying said ?uid aWay from said organ; 
(d) temperature control means for maintaining the tem 

perature of said organ at a normothermic temperature 
of about 20° C. to about 37° C.; 

(e) pressure control means for controlling the pressure of 
said ?uid; 

(f) oxygenation means for oxygenating at least a part of 
said ?uid; 

(g) ?ltering means for removing unWanted ?ltrate from 
said ?uid, said ?ltering means positioned betWeen said 
oxygenation means and said organ; and 

(h) ?oW control means for controlling the ?oW of at least 
a part of said ?uid. 

The system optionally includes means for delivering said 
?uid to said containment means so that the exterior of said 
organ is substantially completely bathed in or surrounded by 
said ?uid. 
The present invention also provides an organ preservation 

solution for the preservation of a human or human 
compatible harvested organ in a functioning state at a 
normothermic temperature of about 20° C. to about 37° C. 
that is particularly useful in combination With the systems 
and methods of the present invention. These solutions 
include: 

(1) a carbohydrate or other energy source; 

(2) sodium chloride; 
(3) potassium; 
(4) calcium; 
(5) magnesium; 
(6) bicarbonate ion; 
(7) epinephrin; and 
(8) adenosine. 
These solutions may further include a fatty acid as Well as 

a pharmaceutical agent selected from nitroglycerin, ACE 
inhibitors, beta blockers, cytoprotective agents, 
antioxidants, antibiotics, antimicrobials, 
immunosuppressives, nonsteroidal antiin?ammatories, 
steroids, and mixtures thereof. 

In a preferred embodiment, the organ preservation solu 
tion is substantially free of nonmetabiliZable impermeants; 
and has a pH of about 7.4 to about 8.5. 
The present invention also provides a method of preserv 

ing a human or human-compatible harvested organ in a 
functioning state during a preservation or evaluation period 
prior to transplantation or reimplantation. The method 
includes the steps of: 

(a) providing an extracorporal organ to be preserved or 
tested; 

(b) providing a containment means for said organ; 
(c) providing a preservation media or ?uid; said ?uid 

media comprising: 
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(i) Whole blood or leukocyte-depleted Whole blood that 
is compatible With said organ; and 

(ii) a preservation solution comprising: 
(a) a metaboliZable carbohydrate; 
(b) sodium chloride; 
(c) potassium; 
(d) calcium; 
(e) magnesium; 
(f) bicarbonate; 
(g) epinephrin; and 
(h) insulin; 

(d) delivering the ?uid to at least one major vessel of the 
contained functioning organ While the organ is main 
tained at a normothermic temperature of about 20° C. 
to about 37° C. In a preferred embodiment, the ?uid is 
also delivered to the exterior of the organ. 

The present invention provides systems, apparatuses, 
methods and media for providing optimal and prolonged ex 
vivo preservation of the donor organ or heart by implement 
ing a method capable of continuous sanguinous perfusion in 
the normal or near-normal beating or functioning state. 
According to the systems, apparatuses, methods and media 
associated With the present invention, this preservation 
period can be extended for tWenty-four hours or more With 
the heart or other organ maintained in a viable state. 

Accordingly, by Way of example, in one embodiment, a 
perfusion apparatus for maintaining a harvested organ dur 
ing a preservation period is provided. The perfusion appa 
ratus includes a preservation chamber for storing the organ 
during the preservation period. A perfusion circuit is pro 
vided having a ?rst line for providing an oxygenated ?uid to 
the organ, and a second line for carrying depleted ?uid aWay 
from the organ. The perfusion apparatus also includes a 
device operably associated With the perfusion circuit for 
maintaining the organ at a substantially normothermic tem 
perature. Moreover, the perfusion apparatus maintains the 
organ in a viable state. 

In another embodiment, by Way of example, a method of 
perfusing an organ or donor heart is provided. The method 
comprises providing a preservation chamber for containing 
the organ, and a perfusion circuit operably associated With 
the preservation chamber. The perfusion circuit includes a 
?rst line for delivering ?uid to the organ and a second line 
for carrying ?uid aWay from the organ. The method also 
includes providing several chemical solutions to the ?uid in 
the perfusion circuit and perfusing the organ or donor heart 
With the ?uid. 

The compositions, methods, systems/devices and media 
of the present invention maintain the donor heart in the 
beating state during the preservation period to insure homo 
geneous distribution of the substrate. Maintaining the heart 
in the beating state further serves to sustain normal 
metabolic, contractile and endothelial vasomotor function 
beyond the four hour hypothermic arrest and storage period 
currently employed for donor heart preservation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The various advantages of the present invention Will 
become apparent to one skilled in the art by reading the 
folloWing speci?cation and appended claims, and by refer 
encing the folloWing draWings in Which: 

FIG. 1 is a schematic of the perfusion circuit and the 
components forming the perfusion system according to a 
preferred embodiment of the present invention; 

FIG. 2 is a cross-sectional vieW of the preservation 
chamber for maintaining the donor heart in the beating state 
according to a preferred embodiment of the present inven 
tion; 
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FIG. 3 is a top plan vieW of the cover assembly utiliZed 

With the preservation chamber according to the present 
invention; 

FIG. 4 is a perspective vieW of the perfusion system 
installed on a mobile cart for facilitating transportation of 
the harvested organ, also according to a preferred embodi 
ment of the present invention; 

FIG. 5 is a schematic diagram of the preservation circuit 
utiliZing an integrated container and reservoir according to 
a preferred embodiment of the present invention; 

FIG. 6 is a schematic diagram of the preservation circuit 
in an alternate con?guration and is shoWn utiliZing a pul 
satile pump for maintaining a heart in the non-Working 
beating state according to an alternate embodiment of the 
present invention; 

FIG. 7 is a schematic diagram of the preservation system 
and soft shell container for maintaining a kidney according 
to the teachings of the present invention; 

FIG. 8 is a schematic diagram of the preservation system 
and soft shell container for maintaining a liver according to 
the teachings of the present invention; 

FIG. 9 is a schematic diagram of the preservation system 
and soft shell container for maintaining a pancreas according 
to the teachings of the present invention; 

FIG. 10 is a schematic diagram of the preservation system 
and soft shell container for maintaining one or tWo lungs 
according to the teachings of the present invention; 

FIG. 11 is a perspective vieW of the portable preservation 
system for maintaining any number of organs according to 
the teachings of the present invention; and 

FIG. 12 is a ?oW diagram according to the method of the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention is directed to a perfusion apparatus 
and method for extending the preservation time of at least 
one human or human compatible organ, such as a human 
heart, Which has been harvested for transplantation or reim 
plantation. Referring noW to FIG. 1, the perfusion system 10 
is shoWn in accordance With the present invention. While 
FIG. 1 illustrates a schematic of perfusion system 10, it Will 
be appreciated that various modi?cations to this schematic 
are Within the scope of the present invention. The present 
invention alloWs the donor heart to be optionally harvested 
in the beating state and connected to perfusion system 10 
Where the organ is maintained in the beating state and 
provided With a pulsatile, physiologic coronary ?oW. 
Accordingly, the donor heart does not have to be arrested 
prior to its connection With perfusion system 10. Moreover, 
since the donor heart is not stored in the arrested hypother 
mic state during the preservation period, time dependent 
ischemic injury is eliminated. Another advantage of the 
present invention is that the perfusate used to extend the 
preservation period is comprised primarily of autologous 
(preferred) or in some cases homologus blood Which is 
circulated through the perfusion system 10. Thus, the donor 
heart is provided With oxygen and essential nutrients during 
the preservation period Which maintains the organ in a viable 
state. Moreover, cellular Waste is carried aWay from the 
organ and ?ltered out of perfusion system 10. 

Perfusion system 10 is designed to simulate the human 
cardiovascular system for maintaining the donor heart 12 in 
the beating state for periods up to or exceeding 24 hours. As 
With the human cardiovascular system, perfusion system 10 
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comprises a closed perfusion circuit 14 for circulating a 
?uid, comprised of autologous blood and other chemical 
compositions, to donor heart 12. Accordingly, perfusion 
circuit 14 includes one or more arterial lines 16 for providing 
oxygenated perfusion ?uid to donor heart 12, and one or 
more venous lines 18 for carrying depleted perfusion ?uid 
aWay from donor heart 12. As part of the method of the 
present invention, the arterial lines 16 are used for perfusing 
donor organ 12 in both the non-Working and Working states. 
This method of antegrade perfusion Will be discussed in 
more detail beloW. 

With continued reference to FIG. 1, donor heart 12 is 
shoWn as being connected to perfusion circuit 14. The donor 
heart 12 is enclosed Within a preservation chamber 20 Which 
is preferably made of a hard, clear plastic to alloW for 
visualiZation of the preserved organ. While it is preferred 
that preservation chamber 20 is formed from a plastic 
material such as LEXAN® plastic, the preservation chamber 
20 may also be made of a thick, yet soft ?exible plastic in 
the form of a Zipper bag (not shoWn) to accommodate the 
contour and shape of donor heart 12. When preservation 
chamber 20 is a hard plastic container, a plastic cover 
assembly 22 is used to seal the preservation chamber 20 and 
to maintain the sterility and humidity of donor organ 12. 
When a soft plastic preservation chamber (not shoWn) is 
employed, a Zipper is used to seal the preservation chamber 
20 and to protect the organ. A suitable drain 24 is provided 
at the loWest portion of preservation chamber 20. The drain 
24 is connected to a reservoir 30 via drain line 26 to alloW 
for the return of any blood escaping from the organ 12 
during the instrumentation period, or from any leakage 
occurring during the preservation and transport period. 
As disclosed, reservoir 30 is designed to contain approxi 

mately 1500—3000 ml of ?uid. Initially, reservoir 30 is 
primed With 1500—2500 ml of autologous or cross-matched 
blood Which is then pumped throughout perfusion circuit 14. 
Alternatively, compatible blood or blood substitute is Within 
the scope of the present invention. The reservoir output line 
32 is connected to the input of a centrifugal pump 34 Which 
circulates the perfusion ?uid through the arterial lines 16 of 
perfusion circuit 14. The preferred pump for this application 
is the Biomedicus 550, manufactured by Medtronic, Which 
propels the blood via magnetic ?eld driven cones. While a 
conventional roller pump may also be used, the magnetic 
propulsion generated by centrifugal pump 34 is preferable to 
minimiZe hemolysis of the blood. If pulsatile ?oW is desired, 
a pulsatile pump such as the HEARTMATE® pneumatic 
assist pump manufactured by Thermo Cardiosystems Inc., or 
the NOVACAR® left ventricular assist pump manufactured 
by Baxter Healthcare Corporation, may be employed. An 
exemplary pulsatile pump is that disclosed in Us. Pat. No. 
5,599,173 to Chen et al. 

The centrifugal pump 34 propels the blood via pump 
output line 36 into a membrane oxygenator 38. The blood is 
oxygenated using a preferred mixture of 95% O2 and 5% 
CO2 at a rate of 1—2 L/min by membrane oxygenator 38. The 
preferred oxygenator is a holloW ?ber membrane 
oxygenator, such as the Monolyth manufactured by Sorin 
Biomedical or the MINIMAX PLUSTM manufactured by 
Medtronic. While not speci?cally shoWn in FIG. 1, mem 
brane oxygenator 38 is provided With the oxygen and carbon 
dioxide mixture through a regulated oxygen bottle 178. The 
oxygenator 38 also includes a plurality of ports (not shoWn) 
Which alloW pressuriZed perfusion ?uid to be directed to 
other devices. A Water heater 40 provides Warmed Water 
through a Water circuit 42 Which maintains the ?uid Within 
perfusion circuit 14 at about 37° C. (normothermia). The 

10 

15 

20 

25 

30 

35 

40 

45 

55 

60 

65 

8 
Warmed perfusion ?uid then maintains donor heart 12 at a 
normothermic temperature. Alternatively, Water heater 40 
can also remove heat from the Water circulating through 
Water circuit 42 for cooling the preservation ?uid Within 
perfusion circuit 14. Heat can be removed for a variety of 
reasons. For example, if the apparatus/system 10 is preserv 
ing organ 12 in an excessively Warm environment (i.e., 
exceeding normothermia), heat can be removed from the 
?uid to prevent the temperature from exceeding 370 C., or 
another predetermined temperature. Heat can also be 
removed from the ?uid in order to cool the ?uid beloW 37° 
C. Which is desirable When inducing the preserved organ 12 
into a loW normothermic and/or mild hypothermic state. 
This is also desirable prior to arresting the organ 12. Enough 
heat may be removed for loWering the temperature of the 
?uid and organ doWn to about 20° C. The oxygenator output 
line 44 carries the oxygenated and reWarmed ?uid to a ?lter 
46. Preferably, the ?uid is ?ltered With a 20—100 micron 
leukocyte ?lter, such as the Pall leukocyte depleting ?lter 
manufactured by Pall Filters. 
The output of ?lter 46 is connected to a selector valve 50 

via ?lter output line 48. Selector valve 50 may be placed in 
one of several positions for directing ?uid ?oW to either the 
initial perfusion line 52 (for antegrade perfusion via the 
aorta), the left atrium supply line 54 (for antegrade perfusion 
via the left atrium), or both lines simultaneously (for priming 
purposes). Additionally, selector valve 50 may be turned off 
completely. As Will be appreciated, lines 48, 54, and at times 
lines 52 and 58 form the arterial side 16 of perfusion circuit 
14. The opposite end of the initial perfusion line 52 is 
connected into a tee 56 Which then branches to aorta line 58 
and the afterload column, line 60. Astraight connector 61 is 
used for connecting line 60 With the aorta return line 62. A 
Luer port 63 having a one-Way anti-siphoning valve secured 
thereon is secured to connector 61 Which acts as a one-Way 
valve for alloWing ?uid pumped across connector 61 to ?oW 
through aorta return line 62 Without siphoning additional 
?uid from afterload line 60. Luer port 63 operates by 
alloWing air into aorta return line 62 for breaking the 
siphoning effect of the ?uid. Accordingly, the peak of 
afterload column 60 is formed by connector 61 and Luer port 
63. 
The distal end of the afterload line 62 is attached to 

reservoir 30 to alloW blood pumped through the aorta 130 to 
?oW back to the reservoir 30. As Will be discussed in more 
detail beloW, aorta line 58 provides bidirectional ?oW to and 
from donor heart 12, depending upon Which mode the 
perfusion system 10 is operating. The height of afterload 
column 60 is adjustable betWeen a range of vertical positions 
for selectively changing the afterload pressure against Which 
the heart 12 Will beat or pump. Once the ?uid pumped 
through afterload column 60 crosses connector 61, it is 
returned to reservoir 30 via aorta return line 62. Additionally, 
a right ventricle return line 64 is connected to the pulmonary 
artery 132 to return coronary ef?uent to the reservoir 30. As 
Will be appreciated, lines 58, 60, 62 and 64 form the venous 
side 18 or delivery means of perfusion circuit 14 When the 
heart is in the Working state. 
The aortic ?oW is measured by an in-line ultrasonic ?oW 

probe 66 Which is part of aorta line 58. LikeWise, an in-line 
ultrasonic ?oW probe 68 measures the coronary blood ?oW 
through right ventricle return line 64 of coronary ef?uent 
from the right ventricle to the reservoir 30. The aortic and 
coronary ?oW signals produced by ultrasonic ?oW probes 66 
and 68 are recorded on a tWo-channel ?oW meter 70 Which 
assists in monitoring the condition of the preserved organ 
12, and the performance of perfusion system 10. The pre 
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ferred ?oW meter 70 for use With the present invention is the 
tWo-channel ?oW meter manufactured by Transonic Sys 
tems. 

The coronary ?oW is maintained Within acceptable physi 
ologic ranges (300—500 ml/min) by adjusting the height of 
the afterload column 60 above the heart 12 and adjusting the 
?oW rate provided by pump 34. The afterload pressure is 
maintained at approximately 70 mm of mercury, but may be 
adjusted as necessary. A micro-tip pressure catheter 72 is 
inserted into the left ventricle via the left atrium 134 for 
measuring the intracavitary pressures of donor heart 12. A 
preferred pressure catheter 72 is of the type manufactured by 
Millar Instruments. All pressure measurements generated by 
pressure catheter 72 are recorded and displayed using a 
digital pressure recording system 74 Which also assists in 
monitoring the condition of the preserved organ 12. As 
disclosed, pressure recording system 74 is capable of record 
ing and displaying multiple pressure measurements. 

One of the ports from oXygenator 38 is connected to a 
supply line 76 Which provides oXygenated blood to a drip 
manifold 80. As disclosed, three IV bags 82, 84, 86 are 
connected to drip manifold 80 Which provide various chemi 
cal compositions for the preserved organ (discussed in more 
detail beloW). Drip manifold 80 is knoWn in the art and 
provides a mechanism for receiving a regulated drip rate of 
each chemical solution stored in the IV bags 82, 84, 86. As 
is knoWn in the art, the drip rate can be regulated by an 
infusion pump (not shoWn). A manifold output line 78 
carries the blood, enriched With the various chemical solu 
tions to reservoir 30 for circulation to the donor heart 12. 

Avariety of materials may be used for creating the various 
lines and components of perfusion system 10. As almost all 
of the lines and components of perfusion circuit 14 are in 
constant contact With the blood perfusate, it is desirable to 
suppress the acute in?ammatory response caused by eXpo 
sure of the blood to eXtracorporeal arti?cial surfaces. To 
alleviate this problem, all of the contact surfaces Within 
perfusion circuit 14 may be coated or bonded With heparin 
to reduce complement and granulocyte activation. As an 
alternative, heparin may be directly introduced into the ?uid 
circulating through perfusion circuit 14, or other bio 
compatible surfaces may be utiliZed in circuit 14. 

With continued reference to FIG. 1, the operation of 
perfusion system 10 Will be described in more signi?cant 
detail. As described above, the donor heart is harvested in 
either the beating state or the arrested state and placed into 
preservation chamber 20. At this point, centrifugal pump 34 
is propelling oXygenated and reWarmed blood through line 
48. During priming, selector valve 50 is placed into the 
position Which alloWs blood to ?oW simultaneously through 
the initial perfusion line 52 and the left atrium supply line 
54. Once the arterial lines 16 of perfusion circuit 14 are 
sufficiently primed to remove the presence of any air bubbles 
or air pockets, valve 50 is rotated into the position for 
supplying initial perfusion line 52 With ?uid. Aortic line 58 
can then be connected and secured to the aorta 130 using 
aortic cannula 120. This procedure alloWs blood to ?oW to 
the aortic line 58 for immediate perfusion of donor heart 12 
via the aorta 130 in the non-Working beating state. 
Optionally, afterload line 60 may be clamped for maXimiZ 
ing blood ?oW into the aorta 130. This procedure of ante 
grade perfusion via the aorta 130 is performed for approXi 
mately 10—15 minutes to alloW for donor organ stabiliZation 
and to provide a period for instrumentation. During this 
instrumentation period, the remaining ?oW lines are con 
nected to donor heart 12. More speci?cally, the connection 
betWeen aorta line 58 and the aorta 130 is completed, supply 
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line 54 is connected to the left atrium 134, and the right 
ventricle return line 64 is connected to the pulmonary artery 
132. The pulmonary veins, superior, and inferior vena cavae 
are then tied closed using #0 silk suture. During the initial 
connection protocol, any blood over?oW is contained Within 
preservation chamber 20 and returned to reservoir 30 via 
drain line 26. 
At the end of the stabiliZation period, the ?oW to the aorta 

130 is reduced by rotating selector valve 50 to the normal 
operating position Which simultaneously and gradually 
increases the ?oW to the left atrium 134 via left atrium 
supply line 54 and gradually shuts off ?oW through initial 
perfusion line 52. Afterload line 60 is also unclamped. This 
procedure then sWitches the donor heart 12 from the non 
Working state into the Working state, in Which blood is 
pumped through the venous lines 18 of perfusion circuit 14 
by the donor heart 12. It should be speci?cally noted that 
donor heart 12 remains beating at all times. Blood ?oW to 
donor heart 12 through arterial lines 16 is assisted by 
centrifugal pump 34. The donor heart 12 is alloWed to beat 
against an afterload pressure created by the vertical position 
of afterload column 60 above the preservation chamber 20 
thereby generating a pulsatile coronary ?oW. Additionally, 
oXygenated blood is provided to the coronary vascular 
system, and de-oXygenated blood from the coronary vascu 
lar system is pumped from the right ventricle into the 
pulmonary artery return line 64 and returned to reservoir 30. 
At this point, donor heart 12 can be maintained in the viable 
beating state for the duration of the preservation period. 

While the perfusion system 10 has been speci?cally 
described for preserving a heart, the apparatus and method 
associated With the present invention is particularly Well 
suited for extending the preservation time for any solid 
organ by eliminating lines 52, 58, 60 and 62, and using line 
54 to cannulate the organ’s artery, and line 64 to cannulate 
the vein of the preserved organ. Accordingly, organs includ 
ing the kidney, liver, lung, pancreas, and small intestine can 
be preserved for eXtended periods of time by perfusion 
system 10. 

Turning noW to FIG. 2, the preservation chamber 20 and 
the connections betWeen the various cannula and the donor 
heart 12 are shoWn in more detail. As disclosed, preservation 
chamber 20 has an open top, and is de?ned by a generally 
cylindrical side Wall 90 and a sloped bottom 92 Which 
promotes the ?oW of ?uid into drain 24 for return to 
reservoir 30 via line 26. Sloped bottom 92 further accom 
modates the donor organ 12 in a more correct anatomical 
position during the instrumentation and preservation peri 
ods. The top of cylindrical side Wall 90 includes an out 
Wardly protruding ?ange 94 around its circumference for 
providing an additional surface for receiving the cover 
assembly 22. 

Referring noW to FIGS. 2 and 3, the components of cover 
assembly 22 are described in more detail. The outer circum 
ference of cover assembly 22 is de?ned by a clamping ring 
96 including tWo halves Which are connected by a hinge 98. 
The tWo halves of clamping ring 96 can be releasably 
secured via snap lock 100. The remaining portion of the 
cover assembly 22 is formed by ?rst cover 102 and second 
cover 104 Which together form a circular cover plate having 
an aperture in the center thereof for receiving cannula plate 
106. Clamping ring 96 has a generally U-shaped cross 
section Which is designed for receiving ?ange 94 and ?rst 
and second covers 102, 104 for creating a tight seal as shoWn 
in FIG. 2. The abutting edges 105 betWeen ?rst cover 102 
and second cover 104 include a tongue-and-groove structure 
(not shoWn) for providing additional rigidity and sealing 
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capability to cover assembly 22. In a similar fashion, can 
nula plate 106 includes an annular tongue 108 Which ?ts 
Within an annular groove 110 formed Within ?rst cover 102 
and second cover 104 for securing cannula plate 106 Within 
cover assembly 22. While the tongue-and-groove arrange 
ment associated With abutting edges 105 is not speci?cally 
shoWn, one skilled in the art Will readily appreciate that this 
arrangement is substantially similar to the arrangement of 
annular tongue 108 and annular groove 110. 

While several variations exist for arranging cover assem 
bly 22, it is preferred that ?rst cover 102 and second cover 
104 are permanently secured to their respective side of 
clamping ring 96. In this fashion, an annular channel 112 
remains along the loWer inside circumference of clamping 
ring 96 for receiving ?ange 94 When the cover assembly 22 
is placed on top of preservation chamber 20. Upon properly 
engaging annular channel 112 With ?ange 94, both halves of 
clamping ring 96 can be brought together for securely 
fastening snap lock 100 so that the cover assembly 22 may 
properly maintain the sterility and humidity of the enclosed 
organ. 

Another advantage provided by cover assembly 22 is that 
cannula plate 106 is a separate component Which interlocks 
With ?rst and second covers 102, 104 of cover assembly 22 
upon installation and securement thereof. As such, the 
various cannulas secured Within cannula plate 106 can be 
attached to the appropriate locations on the organ 12 prior to 
installing cover assembly 22. The cannula plate 106 also 
positions each cannula in the proper location While the organ 
12 is connected to perfusion system 10. More speci?cally, 
cannula plate 106 includes a ?rst aperture for receiving the 
aortic cannula 120, a second aperture for receiving the 
arterial cannula 122, a third aperture for receiving the left 
atrial cannula 124, and a fourth aperture for receiving the 
pressure catheter 72. Each individual cannula is snapped 
into cannula plate 106 to provide a secure connection. It is 
further contemplated that each cannula has a standard siZed 
top tube for snapping into the cannula plate 106, and a 
variably siZed ?ared loWer tube for ?tting Within its asso 
ciated artery or vein. Therefor, if a cannula With a smaller or 
larger loWer tube is required, it can be sWapped into cannula 
plate 106 Without removing the other cannulas. Accordingly, 
the design of cannula plate 106 provides a modular com 
ponent Which easily and securely integrates With cover 
assembly 22. 

In operation, the fully assembled cannula plate 106 is held 
in proximity to the beating organ 12 so that aorta 130 can be 
connected to aortic cannula 120, the pulmonary artery 132 
can be connected to the arterial cannula 122, and the left 
atrial cannula 124 can be properly inserted and secured 
Within the left atrium 134. Preferably, a surgical grade cable 
tie (not shoWn) is used to secure the aorta 130 around the 
aortic cannula 120, and the pulmonary artery 132 around the 
arterial cannula 122. The left atrial cannula 124 is secured 
Within the left atrium 134 using siZe 2-0 prolene surgical 
suture. As disclosed, the surgical grade cable ties provide a 
leak-proof seal, and a larger surface area for securing the 
arteries around their cannula Without risk of tearing the 
tissue. This in turn assists in properly supporting donor heart 
12 Within preservation chamber 20. In some instances, as 
With a smaller donor heart 12, the heart may be suspended 
by the aorta 130 Within preservation chamber 20. 

After properly securing the organ to the components of 
cannula plate 106 Within preservation chamber 20, each half 
of lid assembly 22 can be ?tted around the outside circum 
ference of cannula plate 106 so that the cover assembly 22 
may be secured on top of the preservation chamber 20. The 
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cover assembly 22 and cannula plate 106 then serve to 
suspend donor heart 12 Within the preservation chamber 20. 
As best shoWn in FIG. 2, the pulmonary artery line 64 is 
secured to the arterial cannula 122, the aorta line 58 is 
connected to the aortic cannula 120, and the left atrium 
supply line 54 is connected to the left atrial cannula 124. 
Once all connections have been properly made 
(approximately 15 minutes), the organ is alloWed to beat for 
approximately 10—15 minutes in the non-Working state as 
described above for stabiliZation. After the stabiliZation and 
instrumentation period, the donor heart is then alloWed to 
beat in the Working state against the afterload created by 
afterload column 60. The preserved organ may continue to 
beat in the Working state for the duration of the preservation 
period; up to or exceeding 24 hours. 

According to the studies performed using perfusion sys 
tem 10 to support animal hearts, the apparatus and method 
of the present invention alloW the preserved organ to be 
maintained in the beating state for up to 24 hours or longer 
With minimal to no myocardial damage. As part of eleven 
pilot studies using animal hearts, blood electrolytes of donor 
hearts maintained in the beating state Were measured at one 
hour, six hour and tWelve hour intervals. Analysis of the 
blood electrolytes indicated that the levels of glucose, 
sodium (Na), chlorine (Cl), potassium (K), calcium (Ca) and 
HCO3 remained substantially at baseline levels throughout 
the preservation period. Accordingly, the apparatus and 
method of the present invention alloW a donor heart to be 
maintained in the viable beating state for periods beyond the 
current four hour limitation associated With current hypoth 
ermic arrest and storage techniques. 

Also associated With the apparatus and method of the 
present invention are three separate chemical solutions 
operative in the preservation of the organ 12. As disclosed, 
the three chemical solutions replenish the preserved organ 
With energy as it is consumed by the cellular activity, 
maintain the blood electrolytes at physiologic levels, and 
stimulate the cardiac conduction system for maintaining the 
donor heart in the beating state during the preservation 
period. The three chemical solutions are provided to reser 
voir 30 through drip manifold 80 as previously discussed, 
Which assists in regulating the proper drip rate for each 
chemical solution. The ?rst solution is stored Within IV bag 
82, the second solution is stored Within IV bag 84, and the 
third solution is stored Within IV bag 86. 

Prior to perfusing the organ 12, the perfusion system 10 
is primed With 100—250 ml of the primary solution (stored 
in IV bag 82), 12.5—25 mg of Mannitol (a complex sugar) or 
a suitable substitute, and preferably 125—250 mg of meth 
ylprednisolone sodium succinate or a suitable substitute. 
The Mannitol acts as an impermeante to increase the 
osmotic pressure of the perfusate, Which serves to minimiZe 
or reduce edema formation in the preserved organ. Mannitol 
also acts as an oxygen or free radical scavenger to attenuate 
the perturbations of reperfusion injury and extracorporeal 
perfusion to the preserved organ. Moreover, the Mannitol is 
especially useful When the perfusate contact surfaces of 
perfusion circuit 14 are non-heparin bonded. HoWever, 
Mannitol can still be used Within perfusion circuit 14 even 
When all of its components have heparin bonded surfaces, so 
that the bene?ts provided by Mannitol can be fully utiliZed. 
The methylprednisolone sodium succinate is a steroid Which 
acts as a cell membrane stabiliZer for avoiding cell lysis 
during reperfusion and also acts as an immunosuppressive 
agent. 
As disclosed, the ?rst solution, or primary solution is a 

solution comprising sugar and various electrolytes. The ?rst 






























